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Abstrsct The immune response against helminths and allergens is generally
characterized by high levels ofIgE and increased numbers ofTh2 cells, eosinophils,
and mast cells, yet the clinical outcome with respect to immediate hypersensitivity
and inflammation is clearly not the same. High levels of IgE are seen to allergens
during helminth infections; however, these IgE responses do not translate into
allergy symptoms. This chapter summarizes the evidence of the association
between helminth infections and allergic disorders. It discusses how helminth
infection can lead to IgE cross-reactivity with allergens and how this IgE has poor
biological activity. This information is important for developing new diagnostic
methods and treatments for allergic disorders in low+o-middle-income countries.
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1 Introduction
Over the past few decades, the prevalence of allergic disease has been on the rise in
both developed and developing countries (Pawankar et al. 2011). In addition, many
epidemiological studies have shown a higher prevalence of allergic disorders in
subjects living in urban environments compared to rural areas, particularly in
developing countries (Hamid et al. 2013; Perzanowski et al.2W2).
Such observations indicate that environmental factors, along with underlying
genetics, play a key role in the development of allergic disease. Environmental
influences can include exposures to microbes, parasites, and lifestyle facton (Burke
et al. 2003; von Mutius 2002). Of particular interest have been infections with
pmasitic helminths that are highly prevalent in tropical regions of the developing
world. It is estimated that a quarter of the World's population is chronically infected
by helrninths such as Ascaris lumbricoides (roundworm), Trichuis trichiura
(whipworm), Necator americanus or Ancylostomn duodenale (hookworms),
schistosomes, and filarial worms (Bethony et al. 2006).
Despite the close parallels between immune responses that characterize helrninth
infections and allergic diseases, namely increased levels of immunoglobulin (Ig)-E,
eosinophils, and mast cells along with T cells that preferentially secrete T helper
type 2 QtA) cytokines, the clinical outcome with respect to immediate hypersen-
sitivity and inflammation is not the same (Yazdanbakhsh et al. 2001). Moreover,
there is little geographical overlap worldwide between helrninth infections and
allergies. In fact, several studies have reported a negative association between the
presence of helminth infections and allergic disorders (Feary et al. 20l l). However,
the relationship between allergic disorden and helminth infections does not show
consistent results since there are also studies that show that helninth infections
either have no effect or are associated with increased atopic disorden (Obihara et al.
2006; Palmer et al.2W2).
High levels of Th2 responses can lead to allergic diseases, and to prevent this,
either a shift to Thl or an increased anti-inflammatory response would be needed
(Carvalho et al. 2006; Cooper 2009). A number of immune mechanisms have been
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proposed to account for the negative association between helminths and allergies.
The observations that chronic helminth infections are associated with higher sup
pressive responses, such as interleukin-I0 (IL-10) and regulatory T cells, led to the
proposal that a strong regulatory network induced by helminths might prevent the
downstream effector phase of Th2 responses, preventing excessive inflammation
(Satoguina et al. 2008; Wilson et al. 2005).
Another mechanism that might explain the inverse association between helminth
infections and allergies could involve helrninttr-induced IgE. Early studies have
suggested that polyclonal IgE that is stimulated by helminth infections might
compete with allergen-specific IgE and therefore block degranulation of basophils
and mast cells. However, a number of studies have refuted this lgE-blocking
hypothesis. The idea that IgG4 antibodies associated with heLminth infections might
bind allergen and quench it from binding to IgE was put forward by Aalbene et al.(2009). An alternative idea that helminth infections may be associated with
increased levels of allergen-specific IgE ttrat are functionally poor and therefore
cannot lead to basophil or mast cell degranulation (Yazdanbakhsh et al. 2002) is
gaining support from several recent studies that indicate cross-rcactive IgE might be
associated with poor biological activity (Amoah et al. 2013b; l,arson er a\.2012a\.
Over the years, there has been increasing number of publications covering (a) the
relationship between helminths and IgE, which started in 1969; (b) IgE and the
issue of cross-reactivity; and (c) component-resolved diagnosis (CRD) (Fig. l). In
this chapter, we will focus on (1) the epidemiological studies of the relationship
between helminth infections and allergic disorders and (2) the characterization of
helminth-induced IgE and the possible application of new technologies in allergy
diagnostics in low+o-middle-income counfies.
2 Helminth Infections and Allergic Disorders
The prevalence of allergic diseases has been increasing mainly in the developed
world where long ago changes have been seen in lifestyle and the environment
characterized by increasing sanitation, hygienic measures, and urbanization. In less
developed countries, the prevalence of allergic disorders is relatively low, but the
allergic march is starting in these geographical areas due to ongoing dramatic
changes in lifestyle and the environment. Although not as dramatic as in Western
countries, an increase in allergic disorders has been reported in developing coun-
tries with the tendency for prevalences in urban centers to approach those seen in
afruent countries.
In developed countries, the presence of IgE antibodies to allergens increases the
risk of allergic disorders. These antibodies, which bind to high-affinity IgE recep-
tors present on basophils and mast cells, can be cross-linked by allergens, an event
that leads to mast cell degranulation and histamine release. The mast cell degran-
ulation leads to inflammation and in target organs such as the airways can result in
symptoms which can be recognized as an asthmatic attack. One of the diagnostic
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Fig. 1 The number of publications fmm 1969 to the end of 2012 in the major topics covered by
this chapter. Specific search terms used in PubMed were "Helminth and IgE'(arange)' "IgE cross-
reactivity" (blue), and "component-resolved diagnosis" (8reen)
methods for allergy is to perform a skin prick test (SPT). This is based on applying
allergens to the skin, pricking the skin with a lancet and assessing whether a
reaction develops to the allergen within 15 min. If a wheal and flare easily visible in
lighter skin reaction is seen, which is the result of mast cell degranulation, then it is
concluded that person being tested is sensitized to the allergen apptied. ln devel-
oped countries, ttre SPT is often interchangeable with the measurement of IgE
antibodies to allergens by in viro tests such as the knmunoCAP assay. This means
that allergen-specific IgE measured in serum can be associated with SPT reactivity
and potentially with allergic symptoms. However, the relationship between IgE,
SPT, and symptoms of allergy can be different in different geognphical areas. For
example, the proportion of SPT reactivity with clinical allergic asthma appears to be
much smaller in some rural areas compared to urban centers in Europe (Priftanji
et al. 2001) or in many developing nations compared to developed ones (Cooper
et al. 2003a; Dagoye et al. 2003). Helminth infections have some interesting effects
on the relationship between IgE, SPT, and clinical symptoms.
Several epidemiological studies have shown dtat helminth infections can be
negatively associated with allergic outcomes (Feary et al. 201l). Some studies have
Number of publications on topics covered by this chapter
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shown that having schistosome or filarial infections decreases the risk of SPT pos-
itivity (Supali et aI.2010; van den Biggelaar et al. 2001). Similarly, studies in
Ecuadorian and Vietnamese children have demonstrated that having soil-transmitted
helrninth infections decreases the risk of SPT positivity (Cooper 
", 
u1. 269{; Flohr
et al. 2006). In addition, Cooper et al. (2003b) found ttrat the presence of serological
markers of chronic infections (elevated levels of total serum lgB or ann-A. Iumb-
ricoides IgG4) was independently negatively associated with allergen SPT reac-
tivity. Araujo et al. (2000) reported a strong and inverse association between skin
rcsponses to allergens and infection with Schistosoma mansoni, among persons
living h an area endemic for this helminttr (Araujo et al. 2000). Similarly, a study in
Gabonese children observed that the risk ofa positive SPT was reduce dby 72 Vo tf a
child was infected with S. haematobium, a blood-dwelling helminth (van den Big-
gelaar et al. 2001). Moreover, an investigation conducted among 1,385 urban and
rural Ghanaian children aged 5-16 years showed a strong negative association
between schistosome infection and SPT reactivity to mite but not with reported
wheeze or asthma (Obeng et al. 2014). However, with regard to clinical symptoms of
asthma, a case-+ontrol study in urban and rural Ethiopians aged 16-{0 years
determined that active hookworm infection reduced *re risk of reported wheeze
(Scrivener et al. 2001).
Although the majority of studies have shown a negative association between
helminth infection and SPT, there are studies that show that helminth may increase the
risk of asthma and atopic disorder. Obihara et al. (2006) found Ascans-specific IgE
may be a risk factor for atopic disease in populations exposed to mild A. Iumbicoides
infection (Obihara et al. 2006). In line with this, a study in China, in an area with a low
burden ofA. Iumbricoides, demonstrated a positive association between helminth and
aflergen skin test reactivity as well as asthma risk (Palmer et al.2N2). Finally, there
are also studies showing no significant association. A shrdy in Brazil among patients
aged 12-30 years with asthma or rhinitis living in an urban area endemic for geo-
helminth showed that individuals infected with a low parasite burden of A. lumbric-
oides did not differ on the frequency of positive SPT to dust mites fiom those A.
Iumbricoides negatives living in the same area (Ponte et al. 2006). A birth cohort of
children from Ethiopia which investigated the effect of geohelminths on allergic
symptoms, at 3 years of age, found that there was no association between helminth
infections and wheeze nor with eczema (Amberbir et al. 201l).
Considering that cross-sectional studies can only show relationships, it is
important to prove that helminths, and no other confounders, are responsible for any
association seen with allergies. For this, interventional studies such as use of an-
thelmintics to remove helminths or intentional infection with helminths are needed.
With respect to anthelmintic treatment, a study of soil-transmitted helminth-infected
subjects demonstrated that regular anthelmintic treatment resulted in significant
increase in skin test reactivity as well as serum level of IgE to aeroallergens (Lynch
et al. 1993). In line with this, anthelmintic treatment of Gabonese children chron-
ically infected with S. haematobium and soil-transmitted helminths resulted in
increased SPT reactivity (van den Biggelaar et al. 2000). Three large interventional
studies conducted in Ecuador. Vietnam. and Indonesia have shown different results.
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In Ecuador, treatment with albendazole every 2 months, for I year, did not affect
SPT nor clinical symptoms of allergy (Cooper et al. 2006), but in Vietnam, three-
monthly Eeatment with albendazole resulted in a significant increase in SPT pos-
itivity but not in allergy symptoms (Flohr et al. 2010). The third study in Indonesia
revealed that intensive community treatrnent of 3-monthly albendazole for
2l months over 2 years was not associated with increased risk of SPT to any
allergen, but post hoc analysis showed that SPT to cockroach allergen was
increased in the albendazole arm compared to placebo (Wiria et al. 2013). However,
in agreement with the studies in Ecuador and Vietnam, there was no efect on
reported clinical symptoms of allergy (Wiria et al. 2013). However, it has to be
noted that one study in Venezuela showed that anthelmintic treatment resulted in
improvement in all clinical indicaton of asthma (Lynch et al. 1997). On the other
hand, when considering anthelmintic treatment given during pregnancy, a large
randomized, double-blind, placebo-controlled trial carried out in Uganda found that
treatment of pregnant women with albendazole (compared with placebo) was
strongly linked to an increased risk of doctor-diagnosed infantile eczema in their
infants (Mpairwe et al. 201 l).
Another approach to investigate the efect of helminths on allergies would be to
use data from studies where humans have been experimentally infected with hel-
minths. Recent years have seen an increasing number of such studies where vol-
unteers were infected with L3 larvae of hookworm N. americanus as well L sais
eggs (Jouvin and Kinet 2012; Wright and Bickle 2005). From these studies, it is
possible to delineate whether helminth infections are associated with increased
allergies or whether they can suppress allergic symptoms. Helrninth infections lead
to expansion of Th2 responses and upregulation of IgE as well as eosinophils
(Wright and Bickle 2005). This expansion of Th2 responses was not associated with
an increase in allergic symptoms even though the life cycle of the hookworm parasite
involves lung passage. In two safety trials, small numbers of patients with rhino-
conjunctivitis or asthrna were treated with helminths. Ten L3 infective larvae of N.
americanus were inoculated into allergic patients in UK who were followed up for
l6 weeks and showed no worsening or improvement of their symptoms (Feary et al.
2010). Regarding T. suis ova therapy, a double-blind placebo-controlled trial con-
ducted in Danish adults assessed the efficacy of Z. snjs ova therapy for the featment
of grass pollen-induced allergic rhinitis and found no therapeutic effect of this
particular therapy (Bager et al. 2010).
Taken together, most studies, but not all, show that helminth infections are
associated with decreased SPT, but there does not seem to be a sfong effect on
clinical symptoms with the possible exception of a beneficial effect on infantile
&zema. Both for anthelmintic featment studies and experimental helminth infec-
tions, it is possible that different helminths wittr their varying life cycles and
locations in tissues would lead to different effects on allergic outcomes. Moreover,
it should be noted that chronicity of infection as well as worm burden might be
important paftrmeters to take into account when studying the association between
helrninths and allergies. Chronic infections as well as higher worm burdens might
have stronger regulatory effect on allergies than acute or light infections (Smis
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et aL. 2007). Finally, attention should be paid to the methods used to assess clinical
symptoms of allergy as these could be a source of variability.
2.1 Mechanisms Behind the Association Between Helminths
and Allergies
Given that most studies seem to show a negative association between chronic
helminth infections and SPT reactivity, researchers have been looking for the
mechanisms that could explain this. Although the mechanisms associated with this
inverse relationship are not zuly understood, it has been suggested that strong
immune regulatory networks might be involved. This means that high levels of
suppressive cytokines such as IL-10 and transforming gowth factor-beta (TGF-p)
as well as regulatory T and B cells (Smits et al. 2010), which seem to expand during
chronic infections with helminth parasites, might downregulate allergic responses.
The question as to where in the allergy cascade they exert their downregulatory
activity is still unanswered. It is possible that regulatory responses affect Th2 and
thereby IgE. However, immune regulation could also downregulate the efector
phase of an allergic response which involves inflammation induced by mast cell
degranulation ([.arson et al. 20l2b). This notion is supported by reports showing
that IL-10 could inhibit basophil degranulation (Royer et al.2001) and by the
negative association between IL-10 and SPT (Macaubas et al. 1999; van den
Biggelaar et al. 2000). Regarding antibodies, in the 1970s, the idea that polyclonal
stimulation of IgE-producing plasma cells with many different specificities would
compete with allergen-specific IgE for binding to high-affinity IgE receptors on
mast cells was first proposed (Lancet editorial 1976; Godfrey 1975). This compe-
tition would reduce the chance of an allergen-dependent mast cell degranulation
and therefore explain the absence of strong allergic responses in helminth-infected
subjects (Lynch et al. 1998). However, a study by Mitre et al. (2005) showed that
the high ration of polyclonal IgE to allergen-specific IgE did not inhibit basophil
degranulation. Moreover, it has been shown that increases in IgE result in the
upregulation of IgE receptors and that anti-IgE treatrnent is often accompanied by
downregulation ofIgE receptors which argues agahst the ability ofhigh total IgE to
compete out specific IgE (MacGlashan et al. 1997). Another hypothesis put forward
is that high levels of IgG4 produced during parasitic infections could act as
"blocking antibodies," since IgG4 is a Th2-dependent isotype not associated with
clinical allergy (Aalbene et al. 2009; Amrda and Santos 2005). However, here, we
will consider, yet another hypothesis, that helminths are associated with an IgE
response that is cross-reactive with a low biological activity and therefore associ-
ated wittr less SPT rcactivity to allergens and no strong increase in allergic
symptoms in a Th2-skewed population.
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3 Cross-Reactivity Between Allergen and Helrninths
In general, cross-reactivity reflects the phylogenetic relationship between organisms
that results in a high degree of homology in the primary structure of proteins and
potentially in cross-reactivity (Aalberse et al. 2001). Cross-reactivity occuts when
antibodies elicited to one epitope also recognize similar epitopes in other homol-
ogous molecules (Acevedo and Caraballo 2011). In allergy, the allergen that is
supposed to induce the original allergic responses is named the primary sensitizer,
and the others are considered cross-reactive allergens (Acevedo and Caraballo
201 l). Two types of IgE cross-reactivities have been described: one cross-reactivity
due to sugar moieties (glycans on glycoproteins) known as cross-reactive carbo-
hydrate determinants (CCDs) and the other qoss-reactivity due to proteins (Aal-
berse et d. 2001).
3.7 Cross-Reactive Carbohydrate Determinants (CCDs)
and Helminths
The asparagine-li-nked carbohydrate components of plant and insect glycoproteins
are highly cross-reactive and are known as CCDs (Altrnann 2007). Two typical
non-mammalian substitutions to N-glycans of plant glycoproteins are an a(1,3)-
linked fucose on the proximal N-acetyl glucosamine and a F( I,2)-linked xylose on
the core nannose (van Ree et al. 20fi)).
These epitopes are also found in helminth parasites. The existence of IgE
antibodies directed to CCDs was first reported by Aalbene et al. ( l98l ) in the early
1980s. This study demonstrated that serum IgE from European pollen or venom-
allergic patients cross-reacted with extracts from various allergenic foods. However,
treating the extracts with periodate, which desfoys the carbohydrate structures,
abolished the reactions, indicating the involvement of carbohydrates in this cross-
reactivify (Aalberse et al. l98l). Another investigation by the same group observed
elevated levels of IgE against peanut extract among grass pollen-sensitized Euro-
pean patients without peanut SPT reactivity or clinical symp0oms of peanut allergy
(van der Veen et al. 1997). Furthermore, among 91 7o of those with a discrepancy
between specific IgE to peanut and SPT, IgE against CCDs could be detected (van
der Veen et al. 1997).In some of these patients, almost complete inhibition of IgE
to peanut (as measured by competitive radioallergosorbent test) was possible with
CCD. ln addition, cross-reactive IgE directed against CCDs in this study was
demonstrated to have poor biological activity (van der Veen et al. 1997).
In another study, about 42 7o of pollen-allergic European patients were found to
have specific IgE to the CCD marker bromelain without skin reactivity to this
molecule (Mari et al. 1999). In line with these observations,23 Vo of a large group
of 1,831 subjects with symptoms of allergic respiratory disease were IgE sensitized
to bromelain without SPT to the same molecule (Mari 2002). Taken together, these
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studies demonstrate the role of anti-CCD IgE in false-positive in vitro allergy test
responses. One could argue that this lack of biological activity was due to the fact
that bromelain is substituted with a single IgE-binding glycan, making effective
cross-linking highly unlikely. The most convincing proof of the complete lack of
clinical relevance of CCD-specific IgE was reported by Mari et al. (2008) in a study
where grass pollen-allergic patients with high titen of CCD-specific IgE were skin-
tested and subjected to an oral challenge with human lactoferrin expressed in rice
kemels. This Eansgenic molecule was substituted with multiple IgE-binding gly-
cans, but both SI'T and oral challenge were completely negative (Mari et al. 2008).
This study shows that a single IgE-binding glycan is not the reason for lack of
activity of IgE ro CCD.
With regard to hehninth-induced IgE cross-reactivity, a recent study among
schoolchildren (aged 5-16 years) in Ghana, West Africa, demonstrated how cross-
reactivity between helminth antigens and allergens can affect IgE sensitization
pattems and clinical expression of allergy (Amoah et al. 2013b). In this study, the
overall prevalence of peanut-IgE sensitization was 17.5 Vo (233 ont of 1,328).
However, none of the peanut-IgE-sensitized children had either SPT reactivity to
peanut or much reported adverse reactions to peanut. In this study, the presence of
S. haematobium infection was positively associated with an increased risk of having
peanut-specific IgE. In a subset of this snrdy population, both the CCD marker
bromelain and S. haematobium-soluble egg antigen (SEA) inhibited IgE binding to
peanut exfact. This study also showed that peanut-specific IgE was strongly cor-
related with CCD-specific IgE. Furthennore, these results indicate that much of IgE
to peanut in Ghanaian children could be directed against CCD which is also present
in the schistosome SEA. In addition, basophil histamine release assays demon-
strated that the IgE directed against peanut in this population had low biological
activity (Amoah et al. 2013b).
This study provides a model which proposes that parasite-induced IgE against
CCDs that are carried by parasites might account for high IgE levels to food
allergens, and the finding that this IgE does not lead !o reactivity to allergenic
extracts either in vitro (in basophil release assay) or in vivo (in skin prick testing)
further confirms that these IgEs to CCDs are clinically irrelevant (Amoah et al.
2013a).
Although a number of studies have demonstrated that IgE antibodies directed
against CCDs are not of clinical relevance, IgE direct against the mammalian
carbohydrate epitope galactose-o- I,3-galactose (alpha-gal) has been linked to
anaphylactic reactions.
The first cases of anaphylactic reactions associated with alpha-gal were among
cancer patients in the southeastem USA receiving therapy with the monoclonal
antibody cetuximab (Chung et al. 2008). This antibody carries alpha-gal structure.
These patients were shown to have pre-existing IgE against alpha-gal, and imme-
diate-onset anaphylaxis followed the first infusions of cetuximab (Chung et al.
2008). Further analysis indicated that IgE directed against alpha-gal was possibly
induced by the lone star tick Amblyomma americanum commonly found in the
southeastem USA (Commins et al. 201 I ). Aside from immediate-onset anaphylactic
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reactions, delayed onset reactions 3-6 h following the consumption of mammalian
meat have also been linked to IgE directed against alpha-gal, present on this food
(Commins and Platts-Mills 2013).
In addition, positive IgE responses to alpha-gal have been observed in samples
from children living in helrninth-endemic areas of Ecuador and Kenya (Commins
and Plans-Mills 2013). The involvement of helminths in the induction of IgE
responses to alpha-gal has been indicated by an investigation conducted n Zim-
babwe. In this study, lgE responses to alpha-gal were measured in urban cat-allergic
patients as well as in rural helminth-infected subjects (Arkestal et al. 2011). The
study observed that 85 Vo of the parasite-infected group had IgE against alpha-gal
and 66 Vo had IgE against the cat allergen Fel d 5 found in cat dander extact which
has been demonstrated !o have alpha-gal epitopes (Gronlund et al. 2009). More-
over, in this study, IgE to alpha-gal and IgE to Fel d 5 were highly correlated.
Among the urban cat-allergic patients, only a few had IgE responses to Fel d 5 and
alpha-gal, while 74 7o had responses to the recombinant form of the cat allergen Fel
d 1. By contrast, only two of 47 of the parasite-infected had IgE to Fel d I which
lacks alpha-gal epitopes. Taken together, these observations suggest ttrat in hel-
minth-endemic areas, the IgE to alpha-gal may not be clinically relevant. However,
given that no information was collected on reactions to mammalian meat in the
helminth-endemic areas (Commins and Platts-Mills 2013), additional indepth
studies are needed to assess the prevalence of sensitization to alpha-gal in diferent
populations worldwide and the relationship betrreen IgE sensitization to this oli-
eosaccharide and clinical outcomes.
3.2 Peptide Cross-Reactivity and Helrninths
Cross-reactions between allergens from invertebrates such as mite and snail;
cockroach and ascaris; mite, shrimp, and cockroach; and mites and schistosomes
(Aalbene et aI.2001) have been reported and involve protein cross-reactivity.
Three of the proteins that are involved in these examples are Eopomyosin, gluta-
thione S-Eansferase (GST), and paramyosin (Aalberse et al. 2001).
Tropomyosins are proteins involved in the contraction of muscle cells along with
actin and myosin (Amrda and Santos 2005). Not only are tropomyosins major
allergens of seafood, mite, and cockroach but are also highly immunogenic hel-
minth proteins (Sereda et al. 2008). Tropomyosins from invertebrates are strong
inducers of IgE antibody responses in human (Jenkins et al. 2M'7). Santiago et al.
(2011) demonstrated that there was 72 Vo identity at the amino acid level between
the tropomyosin from the filarial parasite Onchocerca volvulus (OvTrop) and the
house dust mite tropomyosin Der p l0 (Santiago et al.20ll). A strong correlation
between specific IgE to Der p 10 and IgE to OvTrop was shown. In addition,
histamine release from basophils sensitized with the sera of individuals IgE positive
to Der p l0 could be triggered by either the OvTrop or Der p 10. It is, however,
important to realize that such biological activity is not proof of clinical allergy.
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In the shrdy by Mari et al. (2008) with transgenic lactoferrin, histamine release was
also reported at relatively high protein concentrations, but SPT and oral challenge
with the same molecule were negative. The srudy by Santiago et al. (2011) does,
however, confirm that the anti-tropomyosin antibodies induced in filarial infection
are cross-reactive with those allergenic fiopomyosins of invertebrates (mite) that
may affect sensitization and regulation of allergic reactivity. As expected, no
clinical rnite allergy was reported for the subjects studied, indicating that these
cross-reactive responses are of no ctnical relevance.
In another investigation, Santos et al. (2008) showed that the predicted structure
of A. lumbricordes topomyosin was similar to that of Periplaneta ameicana
ffopomyosin. The same study compared IgE responses to these proteins in Brazilian
children aged 3-6 years living in a helminthendemic area and cockroach-allergic
patients aged 2-52 years also from Brazil (Santos et al. 2008). A strong correlation
was also found for IgE antibodies to tropomyosin from A. Iumbricordes and from
P. Ameicana in sera from both populations. Seventy-six percent (90 out of I 19) of
subjects from the parasite-endemic area had positive IgE antibodies against cock-
roach tropomyosin without allergy to cockroach (Santos et al. 2008). In line with
this study, Acevedo et al. (2009) have also demonstrated high allergenic cross-
reactivity between Blomia tropicalis tropomyosin (B1o t l0) and Asccrls tropo-
myosin in Colombian asthmatic patients (Acevedo et al. 2009).
The glutathione S-transferases (GSTs) are detoxification enzymes found in most
living organisms (Sheehan et al. 2001). The important known sources are cock-
roaches, house dust mites, and molds; however, GSTs from invertebrates including
helminths are known to be strong inducen of IgE (Acevedo et al. 2013). Moreover,
Blattella germaruca GST caused positive immediate skin tests in cockroach-allergic
asthmatic patients, suggesting that GST from cockroach is a clinically relevant
allergen (Amrda et al. 1997). Regarding helminth-induced IgE cross-reactivity,
Santiago et al. (2012) showed that ttre GSTs from the filarial worm Wuchereria
bancrofii (WbGST) and cockroach GST (Bla g 5) were 30 Vo identical at the amino
acid with rnarked sirnilarity in the N-terminal region (Santiago et al. 2012). lnter-
estingly, mice infected with Heligmosomoides bakeri, a parasite that contains a
GST that was 32 Vo identical to Bla g 5, developed immediate hypersensitivity
reaction in the skin to cockroach GST (Bla g 5), suggesting that some parasite-
induced cross-reactivity may induce in vivo reactivity to the cross-reactive allergen
in a common allergen source like house dust mite (Santiago et al. 2012).
Paramyosin is another allergen family from invertebrate muscle that is targeted
in IgE responses against helminths (Fitzsimmons et al. 2Ol4). A snrdy among
patients reporting symptoms of allergy and ascaris-infuted subject in Philippines
showed evidence of cross-reactivity benveen paramyosin fiom mite (8. tropicalis)
and paramyosin ftom A. Iumbicoides (Valmonte et al. 2Ol2). This study observed
that IgE to mite extract among allergic patients can be inhibited, up to 92 Vo, by
ascaris antigen, while mite extract could inhibit up tn 54 Vo of Asccns-slgE among
Ascans-infected subjects. Of note, IgE responses to the recombinant form of the
paramyosin Blomia allergen (Blo t l l) were seen in 8O Vo of allergic patients and
46 Vo of Ascaris-infected subjects (Valmonte et a1.2012).
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In general, IgE cross-reactivity between helminth antigens and allergens dem-
onstrates the limits to diagnostic value of examining IgE responses to whole
allergen extracts in helminth-endemic populations. Establishing the molecular basis
of cross-reactivity between helminths and common allergen sources is essential to
evaluate whether sensitization to the latter is true primary sensitization or cross-
reactivity induced by helminths.
4 Component-Resolved Diagnosis (CRD) in Allerry
Diagnosis
For the past few decades, in vitro allergy diagnostics has been largely based on the
detection of specific IgE to whole extracts comprised ofallergenic and non-allergenic
components (treudler and Simon 2013). However, this approach has been prob-
lematic since the allergenic content of whole extracts is often diflicult to standardize
and also the specific allergic reaction inducing components in whole allergen extracts
can be hard to identify (Valenta et al. 1999).
Such issues in in vitro allergy diagnostics led to the development of CRD in
which purified natural or recombinant allergens are used to det€ct IgE sensitization
to individual allergen molecules (Ireudler and Simon 2013).
The use of molecular techniques and recombinant DNA technology has allowed
the sequencing, synthesizing, and cloning of allergenic proteins leading to the
production of recombinant allergens for CRD (Gadisseur et al. 201 l). Recombinant
allergens can be generated as defined molecules with consistent quality and without
biological variation (Valenta and Niederberger 2007).
The molecular biological techniques underlying CRD were initially employed
for the determination of the primary structues and molecular identities of allergens
(Valenta et al. 1999). The sequence analysis of allergens allowed the identification
of structurally related allergens and also revealed how closely linked cross-reactive
molecules may not be differentiated by the immune system (Valenta et al. 1999).
CRD involves the use of specific marker allergens to diagnose real sensitization
toward a particular allergen source and to discriminate from sensitization to CCD or
other homologous allergens (De Knop et al. 2010). It also allows the differentiation
between clinically important and irrelevant specific IgEs (Treudler and Simon
2013).
In terms of the application of CRD to research in helminth-endemic populations,
the study on peanut allergy among Ghanaian schoolchildren found that in a subset
of study subjects with elevated IgE to whole peanut allergen, responses to
recombinant forms of the major peanut allergens (rAra h l, 2 & 3) werc generally
very low (Amoah et al. 2013b). In addition, among Brazilian children living in a
helminth-endemic urban area, Carvalho et al. (2013) evaluated the use of IgE
rcsponses to B. tropicalis allergens (rBlo t 5 and rBlo t 2l ) in improving the
specificity of determining mite allergy in this population. This study showed that
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the assays using recombinant allergens exhibited lower IgE cross-reactivity with A.
lumbicoides antigens and therefore conferred higher specificity in detecting gen-
uine mite IgE sensitization than crude mite extract.
4.1 Microanay
In recent years, microarray biochips have been developed to allow the simultaneous
measurement of specific IgE to multiple recombinant and natural allergen com-
ponents using a small amount of serum. These microarray biochips are increasingly
being used in developed countries to provide additional information on IgE profiles
of polysensitized allergic patients to improve the management of their conditions.
In a previously published cohort of children in Indonesia, high levels of IgE to
house dust mite were found, but this did not translate into SPT reactivity (Hamid
et al. 2013). In the study, helminth-induced IgE cross-reactivity was implicated as a
possible explanation for the elevated levels of clinically irrelevant allergen-specific
IgE. In a subset of these children, the specific lgB to Dermatophagoides pter-
onyssinus (Der p) determined by the ImmunoCAP method (sensitization cut-
off >0.35 kUA/L) was compared to semiquantitative IgE analysis using a
commercially available microarray chip (ImmunoCAP ISAC). It was found that the
prevalence of IgE sensitization to whole house dust mite extract (Der p) was 14 Vo,
while sensitization to recombinant and natural house dust mite component allergens
as assessed by the microanay biochip was only up to 5 7o (Hamid et al. unpub-
lished). This investigation also observed that among these same children, the
highest IgE reactivity was to natural allergens of Bermuda and Timothy grass
pollen and not much to recombinant grass pollen allergens on the chip indicating
that these chips can possibly provide valuable additional information when studying
sera with less known IgE specificities. For example, as shown in Fig. 2, the
microarray slide contains natural forms of major peanut and grass pollen allergens
that contain glycan structures as well as recombinant allergen components that are
not glycosylated. The microarray technique used for serum sample from a helminth-
infected individual compared to a European allergic patient can differentiate
between IgE directed against protein sfructures that may be biologically active and
IgE directed against carbohydrate moieties on glycosylated allergens that might be
clinically irrelevant.
5 Future Directions
The surdies of helminths and IgE have shed much light but also uncertainty about
different aspects of the association between IgE, SPT, and allergy symptoms.
Further research into this area should consider the importance of refining and
preparing new diagnostic methods for the developing world where allergies arc
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Fig. 2 An illushation of typical component-resolved diagnosis rcsuls generated using the
ImmunoCAP ISACru microarray. The microarray slide shown contains natural grass pollen (nPhl
p 4) and recombinant grass pollen (rPhl p 5) as well as natural peanut allergen (nAra h l) and
recombinant peanut allergen (rAra h 2). For the allergic European, the IgE recognizes and binds to
the protein structurcs on both the natural and recombinant allergens for both grass pollen and
peanut. This IgE is biologically active and also clinically relevant. In the serum of the helminth-
infected subject, elevated levels of IgE arc observed that recognize and bind to carbohydrate
moieties on the natural allergen components. This IgE does not bind to the pmiein structures of
these components, is clinically irrelevant, and shows poor biological activity
increasing, but the diagnosis is hampered by the complexity of the IgE antibodies.
Moreover, further understanding of how IgE cross-reactivity develops and how this
affects the biological activity of tlrc antibody is needed. This could help devise
interventions to stimulate IgE with poor biological activity which could hamper the
development of high-affnity IgE, mast cell degranulation, and allergy symptoms.
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